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(57) Abstract: In a single crystal pulling apparatus for providing a Czochralski crystal growth process, the improvement of a shallow 
melt crucible (20) to eliminate the necessity supplying a large quantity of feed stock materials that had to be preloaded in a deep 
crucible to grow a large ingot, comprising a gas tight container a crucible with a deepened periphery (25) to prevent snapping of a 
shallow melt and reduce turbulent melt convection; source supply means for adding source material to the semiconductor melt; a 
double barrier (23) to minimize heat transfer between the deepened periphery (25) and the shallow melt in the growth compartment; 
offset holes (24) in the double barrier (23) to increase melt travel length between the deepened periphery (25) and the shallow growth 
compartment; and the interface heater/heat sink (22) to control the interface shape and crystal growth rate. 
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Shallow Melt Apparatus for Semicontinuous Czochralski Crystal Growth 

CONTRACTUAL ORIGIN OF THE INVENTION 

The United States Government has rights in this invention pursuant to Contract No. DE- 
AC36-99GO-10337 between the United States Department of Energy and the Midwest Research 
Institute. 
Technical Field 

The present invention relates to growing crystals without encountering the problems 
normally associated with conventional Czochralski crystal growth of: strong melt convection that 
causes deteriorated crystal quality; constantly changing thermal conditions; segregation causing 
non-uniformity in dopaat concentrations; a slow growth rate and an uncontrollable interface shape; 
slow tum arovmd between crystal ingots; and significant loss of feedstock materials if a growth run 
fails. The invention eliminates the foregoing problems through the use of a shallow melt with a 
heat shield and an interface heater-heat sink to overcome microdefects, stress management and 
defect imiiimization, swift turnaround between crystal ingots, and the saving of feedstock materials 
through the use of a double barrier that offsets connecting holes for replenishing the melt. 
Background Art 

Affecting crystal growth using the conventional Czochralski (CZ) process has been 
accompUshed utilizing a pulling apparatus employing the CZ technique comprising: A gas type 
chamber; a crucible for storing a semiconductor melt that is positioned inside the chamber; a 
heater for heating the semiconductor melt; and a pulling mechanism for pulling a single crystal of 
the semiconductor. With this apparatus, a seed crystal of the single crystal of the semiconductor is 
immersed in the semiconductor melt inside the crucible, whereupon the seed crystal is gradually 
pulled upwards, thereby growing a large diameter single crystal of the semiconductor having the 
same orientation as the seed crystal. 

As the Czochralski method evolved as the prevalent one for the operation of pulling a 
silicon single crystal, a method of the version adopted a double-wall crucible formed by 
disposing a cylindrical partition wall in an outer crucible to operate the crucible by supplying 
solid or fused silicon as a raw material, either batch wise or continuously, into the crucible 
through a gap between the inner surface of the outer crucible and the outer surface of the 
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cylindrical partition wall and pulling a silicon single crystal from the molten mass of silicon in the 
cylindrical partition wall. 

U.S. Patent 5,871,581 discloses a single crystal pulling apparatus comprising: 
a gas tight container; 

a double crucible for storing a semiconductor melt inside the gas tight container, 
the double crucible including an outer crucible and an inner crucible connected at a lower edge; 

source material supply means, disposed between the outer crucible and the iimer 
crucible, for continuously adding source material to the semiconductor melt; and 

a flow restriction member, disposed inside the semiconductor melt region between 
the outer crucible and the inner crucible, for restricting the flow of the semiconductor melt. 

A crucible for pulling silicon single crystal is disclosed in U.S. Patent 5,720,809. The 
crucible is constructed by coaxially disposing a cylindrical partition wall inside an outer cmcible 
for holding a molten mass of silicon as a raw material and operated by heating the outer crucible 
and meanwhile supplying the raw material silicon to the gap between the outer crucible and the 
cylindrical partition wall and introducing the consequently produced molten mass of silicon into 
the interior of the cylindrical partition wall via a passage below the surface of the molten mass 
interconnecting the outer crucible and the inside of the cylindrical partition wall and meanwhile 
pulling the single crystal bar from the molten mass of silicon inside the cylindrical partition wall, 
which double-wall crucible is characterized in that at least the cyhndrical partition wall is formed 
of quartz glass having a hydroxyl group (OH group) content of not more than 30 ppm. 

There is a need in the art of crystal growth utilizing the Czochralski method to avoid the 
problems of: (1) strong melt convection leading to deteriorated crystal quahty (high oxygen 
content when a silica crucible is commonly used, and increased microdefects); 2) constantly 
changing thermal conditions even with synchronized crucible lift; (3) segregation caused non- 
tmiformity in dopant concentrations; (4) a slow growth rate (productivity) and a generally 
incontroUable interface shape (for stress management and defect minimization); (5) slow turn 
around between crystal.mgpts; and (6) a significant lossjof feedstock materials if a growth run 
fails. 
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Disclosure of the Invention 

One object of the present invention is to provide a semicontinuous Czochralski crystal 
growth from a shallow melt apparatus that overcomes the increase of microdefects during crystal 
growth. 

Another object of the present invention is to provide a semicontinuous Czochralski method 
of crystal growth from a shallow melt apparatus that lessens stress management and minimizes 
defects in the crystal growth. 

A ftirther object of the present uivention is to provide a semicontinuous Czochralski 
method of crystal growth from a shallow melt apparatus that hastens tum around between crystal 
ingots. 

A yet further object of the present invention is to provide a semicontinuous Czochralski 
method of crystal growth from a shallow melt apparatus that saves feed stock materials. 

Another object yet still of the present invention is to provide a semicontinuous Czochralski 
method of crystal growth from a shallow melt apparatus that offsets connecting holes for 
replenishing the melt. 

In general, the CZ crystal growth methods of the invention are accomplished by the use of: 
a crucible with a deepened periphery to prevent snapping (i.e., a sudden 
uncontrollable motion) of a shallow melt to reduce turbulent melt convection; 

a double barrier to isolate heat in the feeding compartment from the growth 
compartment to melt solid feeding materials and minimize thermal impact to the growing crystal; 

an interface thermal gradient control, wherein a shallow melt in the growth 
compartment allows for a much better thermal gradient control near the interface; and 

an interface heater or a heat sink under the growth compartment, to obtain a 
concave or a convex interface shape. 
Brief Description of Drawings 

FIG.l shows the apparatus (including crucible) for a conventional CZ crystal growth 

process. - - - 

FIG. 2 depicts apparatus of the invention for providing semicontinuous CZ crystal growth 

from a shallow melt. 

FIG. 3 shows the melt motion where the interface energy is larger than the surface energy 
(i.e., non-wetting crucible, 6 > 90 degrees), where the melt will tend to ball-up. 
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FIG. 4 depicts the asymmetric melt that ensues when both melt surface energy and the 
interface energy are very high compared to gravity potential energy. 

FIG. 5 depicts a melt stabilized from a round or rectangular crucible when a deepened 
periphery traps the melt around the edge and prevents snapping. 

FIG. 6 depicts a top view of the growth department in a round double barrier crucible for 
semiconductor ingot growth where melt connecting holes are utilized outside of the growth 
compartment but inside of the feed compartment. 

FIG. 7 depicts a side view of a rectangular double-barrier crucible for a sheet or ribbon- 
shaped crystal growth and shows the melt connecting holes outside of the growth compartment but 
inside of the feed compartment. 
Detailed Description of Preferred Embodiments 

In the semicontinuous Czochralski crystal growth from a shallow melt of the invention, the 
essential elements of the crucible comprises a crucible with a deepened periphery to prevent 
snapping of a shallow melt, and has a double barrier to isolate heat in the feeding compartment 
from that in the growth compartment, and further contains an interface thermal gradient control. 

The invention will be better understood and the objects and features thereof apparent by 
reference to the drawing figures, compared to a conventional CZ crystal growth process utilizing a 
different crucible construction. 

In this connection, reference is now made to FIG. 1 which shows a conventional CZ 
crystal growth apparatus and a melt crucible 10, as used therein. In this conventional process, a 
large quantity of feed stock materials must be preloaded in the deep cmcible or melt cmcible to 
grow a large ingot. This unfortunately causes problems such as, strong melt convection leading to 
deteriorated crystal quality (high oxygen content when a silica cmcible is used and increased 
microdefects), constantly changing thermal conditions even with synchronized crucible Uft, 
segregation caused by non-uniformity in the dopant concentrations; a slow groAvth rate 
(productivity) and a generally incontroUable interface shape (for stress management and defect 
minimization), slow turn around between crystal ingots.and a significant loss of feed stock 
materials if a growth run fails. 

On the other hand, and by contrast, semicontinuous CZ crystal growth from a shallow melt 
of the invention, as depicted in the apparatus of FIG. 2 presents solutions to each of liie foregoing 
problems. As can be seen from FIG. 2, the invention apparatus features a shallow melt cmcible 20 
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(particularly in the region immediately under the crystal/liquid interface) with an insulation or 
heat shield 21 and an interface heater/heat sink 22, and these features overcome the problems of: 
strong melt convection leading to deteriorated crystal quality; a slow growth rate and a generally 
incontroUable interface shape; slow tumaroxmd between crystal ingots and a significant loss of 
feed stock materials if a growth run fails. The double barrier 23 with off setting connecting holes 
24 for replenishing the melt eliminates the problem of constantly changing thermal conditions even 
with synchronized crucible lift and segregation cost non-uniformity in dopant concentrations. 
Further, a deepened periphery 25 in the crucible prevents the shallow melt firom snapping and 
additionally acts as a feed compartment. 

One aspect of the invention discovery is that a crucible with a deepened periphery 
prevents snapping of a shallow melt. 

A shallow melt is needed to reduce turbulent melt convection. Turbulence is related to the 
Grashof number: 

Gr = gpL^ AT buoyancy force 



viscoxis force 

Where g is the gravity, p is the thermal expansion coefficient of sihcon melt, L is the melt 
height, AT is the vertical temperature difference in the melt, v is the dynamic viscosity of silicon 
melt. 

However a shallow melt tends to ball up. The melt/gas and melt/cmcible interface have 
energy contents proportional to their areas. Therefore, the melt shrinks to minimize energy. The 
energy per unit area can also be regarded as a surface/interface tension, or force per unit length. 
The total firee energy of the melt maybe defined as follows: 

E= So + Jpgdz + JPdV (V=constant, P(z) = pg (z^-z) + + 7(1/^1 + 1/^2) cos 0) 
where is the surface energies (melt/crucible interface and free surface) per unit area, Ai is the 
area of the surfaces, p is the melt density, P is the internal pressure in the melt, z is the vertical 
coordinate, z^ is vertical reference position, Po js a reference pressure, y is the surface tension of 
the melt, ri and X2 are the two nominal radii of the melt surface curvature, and 6 is the angle 
between the tangent of the melt edge and the crucible wall on the melt side. 

If the interface energy is larger than melt surface energy (i.e., non-wetting cracible, 0 > 
90°, the melt will tend to ball up until the surface/interface area and radius reductions are balanced 
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balanced by gravity potential gains, which will lead to separation of the shallow melt from the 
side walls of the crucible. This causes an unstable melt, and the melt motion MM is depicted in 
the direction of the arrows in FIG. 3. 

If both melt surface energy and interface energy are very high compared to the gravity 
potential energy, the melt may retreat from one side and travel to the other side of the crucible, 
causing undesired asymmetry in the melt shape and temperature distribution. Both situatuations are 
called melt snapping. The asymmetric melt is depicted in FIG. 4. 

By the use of a crucible design that has a deepened periphery, snapping of melt is 
prevented even though a shallow melt is still formed in the crystal growth region, as illustrated by 
the melt stabilized in FIG. 5. Once the melt edge reaches the baseline of the crucible center, any 
additional melt balling up will be difficult because the gravity potential gain would be greater (E= 
SaiAi + Jpgdz + JPdV). 

From FIG. 5, it can be seen that a round or rectangular crucible with a deepened periphery 
traps the melt around the edge, and thereby prevents snapping. 

A double barrier is used to isolate heat in the feeding compartment from that in the growth 
compartment, and as a result of this configuration, the over heated feed comp^tment ftinctions to 
melt solid feeding materials and minimizes thermal impact to the growing crystal. 

The heat transfer is comprised of: 

Conduction °^ — k A-T 

Radiation « -o (e^T/ - €T2'^) 
and 

Melt flow oc- Cpp (T1-T2) V/X 

Where k is the thermal conductivity, T is temperature, a is the Stefan-Boltzmann constant, 
e is the emisivity, Cp is the heat capacity of silicon melt, p is the silicon melt density, V is the 
amount of silicon melt being transferred, andX is the length of melt travel. 

The double barrier (with offsetting connecting holes) cmcible serves to: 
ReducfiL^T; 

Increase L to minim ize convective transfer and to eliminate the short path of thermally 
conductive melt; and 

Reduce radiative heat transfer with opaque barriers. 
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In a primary embodiment of the invention, a round double barrier crucible is utilized for 
semiconductor ingot growth. A top view of a round double barrier crucible is depicted in FIG 6, 
and shows the growth compartment GC, melt connecting holes MCH, and the feed compartment 
FC. 

In another embodiment of the invention, a roxmd double barrier crucible is utilized for 
semiconductor ingot growth. A top view of a round double barrier cmcible is depicted in FIG. 6, 
and shows the growth compartment GC, melt comiecting holes MCH, and the feed compartment 
FC. 

In yet another embodiment of the invention, a rectangular double-barrier crucible is utilized 
for sheet or ribbon-shaped crystal growth. The rectangular double-barrier crucible is shown in 
FIG. 7. 

Finally, the double barrier crucible of the invention utilizes an interface thermal gradient 
control in that the shallow melt in the growth compartment operates as a thermal gradient control 
and allows for a much better thermal gradient control near the interface. By using an interface 
heater or a heat sink under the growth compartment as shown in FIG. 2, a concave or convex 
interface shape may be obtained. 

In a simplified one dimensional case, the crystal growth rate v is determined by the vertical 
thermal gradients in the crystal and in the melt near the interface: 

Ks(dT/dzVKi(dT/dz)i=LatentHeat*v/Area 

Therefore, an increase in the crystal growth rate maybe obtained with the combination of a 
heat shield employed on top of the feeding compartment and an interface heat sink or heater under 
the groAvth compartment. The shallow melt allows close proximity between this interface heat 
sink/heat source and the solid/Uquid interface, thus affording easier control of heat transport. 
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Claims 

1. In a single crystal pulling apparatus for providing a Czochralski crystal growth process, 
the improvement of a shallow melt crucible to eliminate the necessity of supplying a large quantity 
of feed stock materials that had to be preloaded in a deep crucible to grow a large ingot, 
comprising: 

a) a gas tight container; 

b) a crucible with a deepened periphery to prevent snapping of a shallow melt and reduce 
turbulent melt convection; and 

c) source supply means for adding soiirce material to the semiconductor melt. 

2. The apparatus of claim 1 wherein said crucible further comprises a double barrier with 
offsetting pass-through or passage holes to thermally isolate the feed compartment from the growth 
compartment. 

3. The apparatus of claim 2 wherein a heat shield is disposed on top of said feed 
compartment. 

4. The apparatus of claim 3 wherein an interface heater is disposed imder said crucible. 

5. The apparatus of claim 3 wherein a heat sink is disposed under said crucible. 

6. The apparatus of claim 2 wherein said crucible is round or circular in shape. 

7. The apparatus of claim 2 wherein said cmcible is rectangular in shape. 

8. The apparatus of claim 6 wherein a heat shield is disposed on top of said heat 
compartment. 

9. The apparatus of claim 7 wherein a heat shield is disposed on top of said heat 
compartment. 

10. The apparatus of claim 8 wherein an interface heater is disposed under said growth 
compartment. 

1 1 . The apparatus of claim 8 where a heat sink is disposed under said growth compartment. 

12. The apparatus of claim 9 wherein an interface heater is disposed under said growth 
compartment. . > 

13. The apparatus of claim 9 wherein a heat sink is disposed under said growth compartment. 

14. The apparatus of claim 2 wherein said passage holes are near the bottom of said double 
barrier. 
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15. The apparatus of claim 14 wherein a heat shield is disposed on top of said feed 
compartment. 

16. The apparatus of claim 15 wherein an interface heater is disposed under said growth 
compartment. 

17. The apparatus of claim 15 wherein a heat sink is disposed under said growth compartment. 

18. The apparatus of claim 14 wherein said crucible is roimd or circular in shape. 

19. The apparatus of claim 14 wherein said crucible is rectangular in shape. 
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AMENDED CLAIMS 

[Received by the international Bureau on 06 June 2002 (06.06.02): 
original claims 1-19 replaced by amended claims 1-19] 

1. In a smgle crystal pulling apparatus for providing a Czochralski crystal growth, 
process,, the imptovement of a shallow melt crucible having melt connecting holes disposed 
5 outside of a growth compartment but inside of a feed compartment to elimiiiaTe the necessity 
of supplying a large quantity of feed stock materials tiiat have to be preloaded in a deep 
crucible to grow a single ingot, comprising: 

a) a gas tight container; 

b) a crucible with a deepened periphery to prevent snapping of a shallow melt and 
10 reduce turbulent melt convection; 

c) a double barrier to isolate heat in the feeding compartment tcoxn the growth 
compartment to melt solid feeding materials and minimized thermal impact to the 
growth crystal; 

d) an interface thermal gradient control, &om which a shallow melt in the growth 
15 compartment allows for bener thermal gradient control near an interface; and 

e) an inter&ce heater or heat sink under the growth compartment, to provide a 
concave or convex interface shape; 

2. The api>aratus of claim I wherein said double barrier comprises ofi&etting 
pass-through or passage holes to thermally isolate the feed compartment from the growth 

20 compartment. 

3. The apparatus of claim 2 wherein a heat shield is disposed on top of said feed 
compartment. 

4. The apparams of claim 3 wherein an interface heater is disposed under said 
growth campartment- 

25 S. The apparatus of claim 3 wherein said heat sink is disposed under said growth 

compartment. 

6. The apparatus of claim 2 wherein said crucible is rectangular in-sbape. - 

AMENDED SHEET (ARTICLE 19) 
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7. The apparatus of claim 2 wherein said crucible is rouad or circular in shape, 

8. The apparatus of claim 6 wherein said heat shield is disposed on top of said 
heat compartment. 

9. The apparatus of claim 7 wherein a heat shield is disposed on top of said heat 
5 compartment. 

10. The apparatus of claim 8 wherein m interface heater is disposed under said 
growth companment- 

11. The apparatus of claim 8 where a heat sink is disposed under said growth 
compartment. 

10 12. The apparatus of claim 9 wherein an intei&ce heater is disposed under said 

growdi compartment. 

13. The apparatus of claim 9 wherein a heat sink is disposed under said growth 
compartment 

14* The apparatus of claim 2 wherein said passage holes are near the bottom of 
15 said double barrier. 

15. The apparatus of claim 14 wherein a heat sbield is disposed on top of said feed 
compartment 

16. The apparatus of claim 15 wherem an interfece heater is disposed under said 
growth compartment. 

20 17. The apparatus of claim 15 wherein a heat sink is disposed under said growth 

compartment 

18. The apparams of claim 14 wherein said crucible is rectangular in shape. 

19. The apparatus of claim 14 wherein said crucible is round or circular in shape. 
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The Intemauonal Search Report assens that claims 1-19 cannot be considered novel 
or cannot be considered to involve an inventive step when documents US 5S91245 A or 
US5871581 A are taken alone. 

1 ) Applicant respectfully disagrees with this contention for the reason that, in the 
case of US 5891245 A, it is apparent that this reference is directed to is directed to a siaigle 
crystal pulling apparatus for producmg a single crystal of a semiconductor using a continuous 
charge magnetic field application CZ technique. The apparatus comprises a double crucible 3 
a heater 4 and a source material supply mbe 5 disposed inside a chamber 2 of the pulling 
apparams. The double crucible comprises a hemispherical quartz outer crucible 11 and an 
inner crucible of quartz which is a partition fitted inside the outer crucible. Connecting 
apertures connect iimer crucible 12 to the outer crucible 1 1 from a lower ponion of the wall 
of the inner crucible. 

The double crucible is mounted on a susceptor 15 that sits on a venical shaft 14 
located centrally at the lower portion of the chamber, and may be rotated in a horizontal 
plane about the axis of the shaft. 

Clearly, the apparams of U.S. Patent 5,891,245 A uses a continous charge magnetic 
field application and lacks applicant's apparatus features or elements b) d) and e). 

Accordingly, claims 1-19> especially as amended, would not be precluded from 
patentability because they are novel and clearly involve an inventive step over this document 
due to the fact that the crucible in this document lacks applicant's elements b)» d) and e). 

2) Document US587 158 1 A disclose a single crystal pulHng apparatus for 
producing a single crystal of a semiconductor using a continuous charge magnetic field 
application CZ technique, and in particular uses a continuous crystal pulling apparatus 
wherein the influence exerted by the introduction of additional source material is reduced. 
The apparatus comprises: 

a gas tight container; 

a doable crucible for storing a semiconductor melt inside the gas tight container, the 
double crucible including an outer crucible and an inner crucible connected at a lower edge; 

source material supply means, disposed betv^een the outer crucible and ttie inner 
crucible, for continuously adding source material to the semiconductor melt; and 

a flow restriction member, disposed inside the semiconductor melt region between the 
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a flow restriction member, disposed inside the semiconductor melt region between the 
outer crucible and the iimer crucible, for restricting the flow of the senriconductor melt- 
However, the apparatus of US5871581 A, which is disclosed in applicant's 
specification, clearly lacks elements (b), (d) and (e), as set forth in applicant's claims, as 
amended. 

Therefore, it is manifestly clear that claims 1-19, especially as amended, are novel 
and do in fact involved an inventive step over the disclosure in US Patent 5,871,581 A- 
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